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Abstract. Although ~80% of newly diagnosed pediatric patients
with acute lymphoblastic leukemia (ALL) become disease-free
following appropriate treatment, relapses frequently occur,
with dismal prognosis. Therefore, it is urgent to develop novel
therapeutic modalities. Resistance to chemotherapy is a major
obstacle for the treatment of relapsed ALL. It has been indicated
that Wnt pathway is potentially associated with leukemia recur-
rence. In the current study, a vincristine (VCR)-resistant variant
of the human ALL cell line BALL-1 (BALL-1/VCR) that
also had relatively specific resistance to both doxorubicin and
etoposide was generated. Over-activation of the Wnt/B-catenin
signaling pathway was observed in BALL-1/VCR cells, whereas
Dickkopf-related protein 1 selectively suppressed the Wnt
signaling pathway and sensitized the response of BALL-1/VCR
to anticancer agents. In addition, prednisolone exposure in
combination with Wnt inhibition restored chemo-sensitivity in
relapsed ALL blasts. Since the resistance of BALL-1/VCR cells
is potentially attributed to the overexpression of MDR-associated
protein 1 (MRP1), the development of drug resistance in
relapsed ALL may associated with the overexpression of MRP1
and P-glycoprotein. The results of this study demonstrated that,
as a potential candidate to mimic relapsed ALL, BALL-1/VCR
could be used in further research, while Wnt-inhibition may
become a promising therapeutic approach for treating ALL.

Introduction
Acute lymphoblastic leukemia (ALL) is a rapidly progressing

disease characterized by the progressive accumulation of
immature clonal cells in the bone marrow (BM). The molecular
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pathogenesis of ALL involves the aberrant expression of
protooncogenes in several signaling pathways, chromosomal
translocations of transcription factors and hyperdiploidy (1).
Currently, ~80% of all newly diagnosed pediatric patients with
ALL can become disease-free following adequate treatment;
however, a small number of children still experience ALL
relapse (2). Treatment of relapsed ALL is largely ineffective, as the
response rate to chemotherapeutic drugs is only 10-20%, which
is often attributed to the effect of ATP-binding cassette (ABC)
transporter family members, multidrug resistance 1 (MDR1) and
MDR-associated protein (MRP) (3,4). The mechanisms of drug
resistance are associated with the overexpression of drug-efflux
pumps, including MDR1-encoded and membrane-located
P-glycoprotein (P-gp) and MRP. The overexpression of
drug-efflux pumps promotes the cellular escape of anticancer
drugs, especially natural drugs and anthracyclines, including
vinca alkaloids, vinblastine, vincristine (5) and doxorubicin.
Therefore, it is urgent to develop novel therapeutic strategies to
increase sensitivity of ALL to chemotherapeutic drugs.

The canonical Wnt/B-catenin signaling pathway is an
evolutionarily conserved cascade that controls a variety of
cellular activities, including cell proliferation, migration,
apoptosis and gene expression during embryonic development.
Previous studies have investigated the abnormal expres-
sion of Wnt/B-catenin signaling pathway in solid cancer (6)
and hematologic malignancies (7), including acute myeloid
leukemia (AML) and ALL. It has been indicated that MDR1 is
activated by the Wnt/B-catenin signaling pathway, potentially
leading to chemoresistance (8).

Because resistance to chemotherapy is a major obstacle in
successful treatment of relapsed ALL, it is hypothesized that
modulation of the Wnt/pB-catenin signaling may affect the expres-
sion of MDR1, and improve the sensitivity to chemotherapeutic
drugs. In the current study, a novel variant of BALL-1, the B cell
lineage of an ALL cell line, was selected to mimic relapsed ALL.
The new BALL-1 variant was resistant to vincristine (VCR), an
essential component in childhood ALL therapies. In addition,
multidrug resistance and increased levels of several critical
proteins in the Wnt/p-catenin signaling pathway were identi-
fied in passaged BALL-1/VCR cells, consistent with those of
relapsed ALL. Subsequently, Dickkopf-related protein 1 (DKK1)
was used to inhibit the Wnt/B-catenin signaling pathway, and to
abolish the resistance in BALL-1/VCR and relapsed ALL cells.
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Finally, the potential mechanism of drug resistance involving
MDRI1 and MRP was explored in the present study.

Materials and methods

Patient samples. Bone marrow samples from patients at
first diagnosis of ALL and relapsed ALL were collected at
and provided by Shandong University Qilu Hospital (Jinan,
China). The primary cells were separated from bone marrow
by Ficoll-Hypaque centrifugation and maintained in a fresh
culture medium (RPMI-1640; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) containing 20% fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.) and 1% penicillin-strep-
tomycin. Informed consent was obtained from all patients
or their guardians. The protocol followed the Declaration
of Helsinki and was approved by Ethic Committee in Qilu
Hospital of Shandong University (no. KYLL-2017-253).

Materials. RPMI-1640 and FBS were obtained from Gibco
(Thermo Fisher Scientific, Inc.). Vincristine, vindesine (VDS),
doxorubicin, etoposide (VP16), mitoxantrone, cisplatin, camp-
tothecin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany),
and prednisolone (Shandong Xinhua Pharmaceutical Co., Ltd.,
Zibo, China) were serially diluted in RPMI and added to the
culture media at the indicated concentrations.

Cell lines. Wild-type BALL-1 (BALL-1/WT) and VCR-resistant
BALL-1 (BALL-1/VCR) human ALL cells were cultured
at 37°C in 5% CO, in RPMI-1640 containing 10% FBS. The
wild-type BALL-1 cell line without mycoplasma contamination
were donated by Professor Dao-xin Ma (Key Laboratory of
Shandong Province, Shandong University Qilu Hospital, Jinan,
China). The VCR-resistant variants of BALL-1/WT cells were
isolated by stepwise selection using increasing concentrations of
VCR, which started from 2X ICs, (970 M). When cells became
confluent in the VCR containing medium, the drug concentration
was increased to 3X (1,455 M), 5X (2,425 M), 10X (4,850 M),
20X (9,700 M), 30X (14,550 M), 50X (24,250 M) and 100X ICs,
(48,450 M), which was the maximal concentration. Following
the selection of BALL-1/VCR cells, they were sub-cultured in a
medium containing 6062.5 M VCR and were stably resistant to
VCR for several months.

DKKI-conditioned medium (DKKI1-CM). 293T cells (dona-
ted by Tnstitute of Immunology, Shandong University,
Jinan, China) were cultured in Dulbecco's modified Eagle's
medium-conditioned medium (Biochrom, Ltd., Cambridge,
UK) containing 10% FBS (HyClone; GE Healthcare Life
Sciences, Logan, UT, USA) and 1x10° cells were transfected
with 3 ug pcDNA3.1-DKKI1 [designed and synthesized by
Shanghai GenePharma Co., Ltd. (Shanghai, China)] using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). The supernatant was collected as the DKK1-conditioned
media 48 h later and stored at -70°C for subsequent experiments.
To inhibit the canonical Wnt signaling pathway,
BALL-1/VCR cells were seeded onto a 24-well plate at a density
of 2x10* cells/well and treated with 1 ml DKK1-CM for 48 h.

Cytotoxicity assays. The effect of anticancer agents on
cell viability was assessed using MTT assay as described
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previously (9). In brief, cells (4-5x10° per well) were seeded in
96-well plates and incubated for 24 h at 37°C. Subsequently,
the cells were exposed to varying concentrations of anticancer
drugs for a specific time before treated by 20 pl/well MTT
(5 mg/ml) for 4 h. Subsequently, dimethyl sulfoxide (DMSO)
was added to treat the cells for 10 min and the optical density
in each well was measured using a microplate reader (Bio-Rad
450; Bio-Rad Laboratories, Inc., Rantoul, IL, USA) at 570 nm.
The cell viability ratio (%) was calculated based on the formula
below: (A570 sample-A570 blank)/(A570 control-A570
blank) x100. The ICs, value of the cells was deemed as the drug
dose that caused 50% of absorbance reduction compared with
DMSO-treated control cells. Each experiment was performed
in triplicate independently.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). In brief, total RNA was isolated from cells using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and RT was
performed using Quant reverse transcriptase (Beyotime Institute
of Biotechnology, Haimen, China) with incubation at 42°C for
30 min and 85°C for 5 min. The sequences of the primers are
listed in Table I. qPCR was performed using RealMasterMix
(SYBR Green; Beyotime Institute of Biotechnology) for
30 cycles of amplification (95°C for 10 min followed by 30 cycles
of 95°C for 15 sec and 62°C for 1 min). The gene expression was
quantified using the comparative 22 (10) method and then
normalized to the expression of GAPDH (11).

Flow cytometry. Apoptosis was evaluated by flow cytom-
etry using Annexin V/propidium iodide (PI) double
staining (Invitrogen; Thermo Fisher Scientific, Inc.). The
analysis was performed using a Guava EasyCyte 8HT flow
cytometer (EMD Millipore, Billerica, MA, USA) for a
total of 50,000 counts. The results were analyzed using
guavaSoft 3.1.1 (Merck KGaA).

Western blot analysis. The cells were lysed on ice in radioim-
munoprecipitation assay (RIPA) lysis buffer inhibitor cocktail
(Roche Applied Science, Mannheim, Germany) for 30 min.
After adding isopropanol on ice and melting at 37°C for
three times, lysate was boiled at 100°C for 5 min and centri-
fuged at 16,750 x g for 10 min, and supernatant containing
nuclear protein was collected. The protein concentrations
were detected using a bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology). For total proteins, the
cells were lysed on ice in RIPA lysis buffer inhibitor cocktail
(Roche Applied Science) for 30 min. After 13,400 x g centrif-
ugation for 10 min, the supernatant containing total protein
was collected. Equal amounts of protein or nuclear protein
(60 mg) from each sample were separated by SDS-PAGE
on 12% gels and transferred onto polyvinylidene difluoride
membranes (EMD Millipore), which were immunoblotted
overnight at 4°C with primary antibodies against f-catenin
(cat. no. abl6051; Abcam, Cambridge, UK; 1:1,000), lymphoid
enhancer binding factor 1 (LEF1; cat. no. MA5-14966; Thermo
Fisher Scientific, Inc.; 1:1,000) and GAPDH (cat. no. ab9485;
Abcam; 1:1,000). Following washing three times (5 min each
time), the membranes were incubated with horseradish perox-
idase-conjugated secondary antibody (cat. no. TA130005;
OriGene Technologies, Inc., Beijing, China; 1:4,000) at room
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Table 1. Primer information.
Gene Forward sequence (5'-3") Reverse sequence (5'-3")
Wnt3a CTTTGCAGTGACACGCTCAT GTGCTTCTCCACCACCATCT
Wnt5b CCAACTCCTGGTGGTCATTAGC TGGGCACCGATGATAAACATC
Wntl0a CTGGGTGCTCCTGTTCTTCCTA GAGGCGGAGGTCCAGAATG
Wntl4 GGGCAGACGGTCAAGCAA CCAGCCTTGATCACCTTCACA
Wntl6 GCCAATTTGCCGCTGAAC CGGCAGCAGGTACGGTTT
Fzd3 TGGCTATGGTGGATGATCAAAG TGGAGGCTGCCGTGGTA
Fzd6 ACAAGCTGAAGGTCATTTCCAAA GCTACTGCAGAAGTGCCATGAT
LRP5 CGTGATTGCCGACGATCTC TCCGGCCGCTAGTCTTGTC
LRP6 TTATGTGCCACACCCAAGTTCT CTGAGGGAGCTGATCATTGATTTA
GAPDH ATCACCATCTTCCAGGAGCG CCTGCTTCACCACCTTCTTG

Fzd, frizzled; LRP, LDL receptor related protein.

Table II. Sensitivity of BALL-1/WT and BALL-1/VCR cells
to various anticancer agents.

Table III. mRNA expression profile of Wnt family members in
BALL-1/WT and BALL-1/VCR cells.

IC50 (uM)

Drug BALL-1/WT BALL-1/VCR Fold change
Vincristine 514+30.8 12,858+1144 25
Vindesine 446+28.9 9,799+140 22
Doxorubicin 5.57+0.57 53.62+6.38 9.6
VP16 0.92+0.10 4.60+0.32 5
Mitoxantrone 1.10+0.07 3.55+0.25 32
Cisplatin 5.03+0.47 12.03+0.07 24
Camptothecin ~ 12.43+1.75 15.59+2.01 13

The data are expressed as the IC50 (M) =+ standard deviation.
WT, wild-type; VCR, vincristine; VP16, etoposide.

temperature for 1 h, subsequently washed and visualized using
enhanced chemiluminescence (EMD Millipore).

Statistical analysis. Data are expressed as the mean + standard
deviation. Flow cytometry results were analyzed using
guavaSoft 3.1.1 (Merck KGaA). All statistical analyses were
performed by two-way analysis of variance followed by
Bonferroni's multiple comparison test. All statistical analyses
were conducted using the GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA).

Results

BALL-1/VCR cells displayed multidrug resistance. The
vincristine-resistant BALL-1 ALL cell line (BALL-1/VCR)
was established by stepwise selection in increasing concentra-
tions of vincristine. As presented in Table II, the resistance
of BALL-1/VCR cells to vincristine and VDS was 25- and
22-fold of that in BALL-1/WT cells, respectively. In addition,
the resistance of the BALL-1/VCR cell line to doxorubicin and
VP16 was 9- and 5-fold of BALL-1/WT cells, respectively.

Gene BALL-1/WT BALL-1/VCR P-value
Wnt3a 15.03+2.28 25.36+2.28 <0.01
Wnt5b 11.09+2.60 17.93+2.81 <0.01
Wntl0a 9.86+1.66 16.08+2.31 <0.01
Wntl4 9.67+3.02 15.91+3.36 <0.01
Wntl6 12.99+£3 .21 23.02+4.37 <0.01
Fzd3 9.59+2.43 13.80+£3.51 <0.01
Fzd6 12.09+2.28 17.63+£3.62 <0.01
LRP5 14.00+2.60 25.03+4.32 <0.01
LRP6 947+3.46 17.84+3.60 <0.01

The data are expressed as the mean =+ standard deviation.
WT, wild-type; VCR, vincristine; Fzd, frizzled; LRP, LDL receptor
related protein.

However, these cells exhibited little cross-resistance (<4-fold
resistance) to other drugs including mitoxantrone, camptoth-
ecin and cisplatin.

Activated Wnt/f3-catenin signaling pathway in BALL-1/VCR
cells. Expression levels of several Wnt family members and
their downstream signaling components were measured in
BALL-1/WT and BALL-1/VCR cells using RT-qPCR. The
transcripts of Wnt family members were expressed in both
cell lines. However, in BALL-1/VCR cells, levels of Wnt3a,
Wnt5b, Wntl0a, Wntl14, Wntl6, Frizzled (Fzd)3, Fzd6, LDL
receptor related protein (LRP)5 and LRP6 were significantly
higher (Table I1I). In addition, the expression of Wnt3a, Wntl6
and LRP5 were the highest (Fig. 1A).

The canonical Wnt signaling pathway is activated by the
accumulation and nuclear translocation of -catenin, which
binds to the transcription factors in the LEF/T-cell factor (TCF)
family. The expression of nuclear B-catenin and LEF1 was
increased significantly in BALL-1/VCR cells compared with
that in BALL-1/WT cells (Fig. 1B).
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Figure 1. Activated Wnt/p-catenin signaling pathway in BALL-1/VCR cells. (A) The relative mRNA expression of Wnt3a, Wntl6 and LRP5 in BALL-1/WT
and BALL-1/VCR cells determined by reverse transcription-polymerase chain reaction. Each experiment was performed in triplicate. The data are expressed
as the mean + standard deviation. "P<0.01 vs. BALL-1/WT. (B) The expression levels of nuclear 3-catenin and LEF1 protein in BALL-1/WT and BALL-1/VCR
cells determined by western blot analysis. WT, wild-type; VCR, vincristine; LRP, LDL receptor related protein; LEF1, lymphoid enhancer binding factor 1.
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Figure 2. Increased chemosensitivity in BALL-1/VCR cells by Wnt inhibitor DKK1. (A) BALL-1/VCR cells were treated with DKK1-CM for 48 h before adding
VCR (12,125 M), VDS (9,390 M), Doxorubicin (53 M) and VP16 (5 M). Cell viability was assessed at 0, 24,48 and 72 h by MTT assay. The data are expressed
as the mean =+ standard deviation (% cell viability) of triplicate experiments. (B) BALL-1/VCR cells were exposed to DKK1-CM for 48 h. (B) Representative
plots of 12 h cultures in the presence of VCR (12,125 M). (C) The apoptosis of cells was quantified using Annexin V and PI labeling and flow cytometry analysis.
“P<0.01. VCR, vincristine; VDS, vindesine; DKK 1, Dickkopf-related protein 1; VP16, etoposide; CM, conditioned media; PI, propidium iodide.

Increased chemo-sensitivity of BALL-1/VCR cells treated  To assess the drug sensitivity of BALL-1/VCR cells, the cells
with DKK1-CM. Subsequently, the Wnt/f-catenin signaling  were treated with anticancer drugs prior to and following
pathway in BALL-1/VCR cells was inhibited by DKK1-CM. the DKKI1-CM treatment. As presented in Fig. 2A, the cells
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Figure 4. Increased chemosensitivity in relapsed leukemic cells to prednisolone by Wnt inhibitor DKK1. Cell viability assays were performed on blast cells
derived from relapse patients (patient 6, 7 and 8), which were treated with prednisolone (200 pg/ml) for 48 h and pretreated with or without DKK1-conditioned
media for 48 h. The data are expressed as the mean * standard deviation (% cell viability) of triplicate experiments. “P<0.01 vs. prednisolone. DKK1,

Dickkopf-related protein 1.

became sensitive to anticancer drugs, including VCR, VDS,
doxorubicin and etoposide, following DKK1-CM treatment, as
was revealed by their respective IC, concentrations.

To quantify the status of apoptosis in these cells, they
were analyzed by flow cytometry. The results showed that
the proportion of apoptotic cells was increased significantly
following the DKK1-CM treatment (Fig. 2B and C).

Wnt/f-catenin signaling of relapsed ALL cells is over-acti-
vated with improved chemo-sensitivity. A total of four matched
pairs of primary bone marrow samples were collected from
patients at the initial diagnosis of ALL and relapsed ALL to
evaluate activation of the Wnt/B-catenin pathway. Expressions
of nuclear B-catenin and LEF1 were observed in samples from
newly diagnosed patients with ALL and relapsed patients with
ALL. In addition, three of four samples from newly diagnosed
patients exhibited a significant decrease in expressions of
nuclear -catenin and LEF1, whereas all relapsed samples

exhibited increased expressions of nuclear B-catenin and
LEF1 (Fig. 3).

To investigate whether Wnt inhibition sensitizes relapsed
leukemic cells to anticancer drugs, changes in chemo-sensitivity
to prednisolone in leukemic blasts from three relapsed samples
were examined following DKK1-CM treatment. Prednisolone
was chosen because a previous study demonstrated that relapsed
ALL blasts exhibited strong resistance to glucocorticoids (12).
As expected, all relapsed samples exhibited increased
chemo-sensitivity in response to Wnt inhibition (Fig. 4).

MDRI/P-gp protein and MRP expressions. Overexpression of
P-gp (MDR-1), which acts as a drug efflux pump to decrease
the intracellular accumulation of anticancer drugs, is one of
the major mechanisms underlying drug resistance. Drug resis-
tance may be also attributed to the overexpression of proteins
in the MRP family, which is a member of the ABC transporter
superfamily. In this study, the expression of MDR1/P-gp and
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Figure 5. (A) Expression levels of MRP1 protein in BALL-1/WT and BALL-1/VCR. (B) Expression levels of P-glycoprotein and MRP1 protein in blast cells
derived from two newly diagnosed patients (patient 3 and 4) and two relapsed patients (patient 6 and 7) determined by western blot analysis. MRP1, multidrug

resistance-associated protein.

MRPI in the cells was determined using western blot analysis.
The expression of P-gp was undetectable in both BALL-1/WT
and BALL-1/VCR cells, whereas the expression of MRP1 was
increased in BALL-1/VCR cells compared with WT (Fig. 5A).
Notably, in the blasts from two relapsed ALL samples, the expres-
sion of P-gp and MRP1 was significantly increased compared
with the blasts from newly diagnosed ALL samples (Fig. 5B).
Therefore, the development of drug resistance in
BALL-1/VCR cells may be primarily attributed to the over-
expression of MRP1 rather than MDR1/P-gp. In addition,
the development of drug resistance in relapsed ALL may be
associated with the overexpression of MRP1 and MDR1/P-gp.

Discussion

Despite generally favorable outcomes of childhood ALL,
relapse still occurs with a dismal prognosis, thus it is important
to develop novel therapeutic modalities. Drug resistance and
early disease recurrence lead to limited survival of patients
with ALL (13). Previous attempts to overcome drug resistance
by increasing the dose of chemotherapeutic agents have
resulted in severe side effects and even death. Therefore, new
therapeutic modalities were employed to suppress relevant
signaling pathways and overcome drug resistance.

In activation of the Wnt pathway, Wnt proteins bind
to cell surface receptors and induce a complex signaling
cascade to regulate cell growth and differentiation during
hematopoiesis (14). Considering that hematological malig-
nancies arise from immature hematopoietic stem cells, one
or more Wnt genes are often overexpressed and functionally
important in hematological malignancies (7,15). Increasing
evidence has indicated that the Wnt/B-catenin pathway has
a role in leukemia (16). For example, the Wnt/f3-catenin
pathway is required for the development of leukemia stem
cells in AML (17). In addition, inhibition of the Wnt/f3-catenin
signaling pathway leads to collateral chemo-sensitivity in
multidrug-resistant ALL cells (18), whereas aberrations of
the Wnt/B-catenin pathway induce cell death in B-cell ALL
cell lines (19). Hu et al (20) reported that Galectin-3 mediates
drug resistance in acute leukemia cells via the Wnt/f-catenin
signaling pathway.

In the current study, a drug-resistant variant of the human
ALL cell line BALL-1 (BALL-1/VCR) that had relatively
specific resistance to both doxorubicin and etoposide was
used. Furthermore, the role of Wnt family members and
their downstream signaling components in BALL-1/VCR
cells was evaluated. Nuclear 3-catenin and LEF1 (one of the
downstream targets of the Wnt pathway) were selected as
markers of Wnt/B-catenin pathway activation. Over-activation
of the Wnt/B-catenin signaling pathway was observed in
BALL-1/VCR and was identified as a potential mechanism
underlying ALL recurrence, consistent with the results
obtained in a previous study (12). The importance of the
Wnt/B-catenin pathway in leukemogenesis has been reported
previously (12,21,22). For example, Dandekar et al (12)
revealed that over-activation of the Wnt signaling pathway
may contribute to the chemo-resistance in relapsed childhood
ALL. Furthermore, treatment by two small-molecule inhibi-
tors of the Wnt/B-catenin signaling pathway induced apoptosis
of CLL cells in vitro and in vivo (22). In addition, the inhibi-
tion of the Wnt/f3-catenin signaling pathway, which sensitizes
the resistant cells to chemotherapy, appears to be an attractive
strategy to maximize the chemotherapeutic potency of ALL.

During Wnt activation, Wnt proteins bind to cell surface
receptors encoded by the Fzd family, which allows [-catenin
to accumulate and to enter the nucleus so that it can interact
with TCF1 and LEF1 to recruit other proteins, thus promoting
the activation of Wnt target genes, leading to cell proliferation
and survival (23). Once Wnt binds to its cell-surface receptor,
which consists of Fzd, and LRP5 and 6, it becomes essential
for stabilization of f-catenin. In the current study, the mRNA
expression of Wnt3, Wnt5b, Wntl0a, Wntl4, Wntl6, Fzd3,
Fzd6, LRP5 and LRP6 was significantly upregulated in
BALL-1/VCR cells compared with wild-type BALL-1, while
three of the nine Wnt genes, Wnt 3a, Wntl6 and LRPS, were
significantly overexpressed in BALL-1/VCR.

Activation of the Wnt signaling pathway has been broadly
implicated in tumor formation, in which the transcriptional
repression of TCF1 has an important role (24). It has previ-
ously been demonstrated that TCF1-knockout mice are prone
to develop intestinal tumors and highly metastatic thymic
lymphoma (25,26). Wnt3a, which has been confirmed as an
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agonist of the Wnt/B-catenin signaling pathway, promotes
the proliferation of mouse pro-B cells in bone marrow by
initiating a series of signaling events, eventually leading to
the B-catenin-dependent activation of the LEF1 transcription
factor. The overexpression of LEF-1 is strongly associated with
tumorigenesis of B-cell chronic lymphocytic leukemia (27) and
predicts unfavorable outcomes of patients with B-precursor
ALL (28). The presence of a complete Wnt/Fzd/LRP/LEF1
gene expression signature in the BALL-1/VCR cells suggests
the functional importance of the canonical Wnt signaling
pathway. Therefore, the overexpression of Wnt family members,
nuclear B-catenin and LEFI, indicates over-activation of the
Whnt signaling pathway in BALL-1/VCR cells and the blasts
from relapsed ALL.

In this study, DKK1, a Wnt antagonist (29), was used to treat
BALL-1/VCR cells and inhibit the effect of Wnt/B-catenin
signaling in these cells, thus leading to an increased level of
chemo-resistance. Activation of the Wnt/p-catenin pathway
can be competitively blocked with a secreted form of Wnt
antagonist, DKK1 (30). There are two possible mechanisms by
which DKKI1 inhibits the Wnt signaling pathway: One is that
DKKI1 prevents the formation of Fz-LRP6 complex, which is
necessary for activation of the Wnt/B-catenin pathway; the
other is that DKK1 interacts with the LRP/Kremen co-receptor
complex and induces the internalization of Wnt proteins, thus
attenuating intensity of the Wnt signaling pathway.

The resistance of cancer cell lines is associated with multiple
mechanisms, each of which has its own distinct features. The
multidrug resistance of classical MDR cell lines is associated
with reduced drug accumulation and the overexpression of
MDR1/P-gp, a membrane protein that functions as a drug efflux
pump. Although the susceptibility to VCR in BALL-1/VCR
cells was 20-fold lower than that in wild-type BALL-1/WT
cells, there was no detectable expression of MDR1 mRNA or
P-gp in either cell lines. Thus, P-gp is apparently not involved
in the development of drug resistance in BALL-1/VCR cells.
Several cell lines, including a mitoxantrone-resistant MCF7
cell line (31) and a VP16-resistant MCF7 cell line (32), have
been demonstrated to exhibit an apparent defect in drug accu-
mulation when the expression of MDR1/P-gp is absent.

Several studies have demonstrated the overexpression of
MRP protein, which shares the homology with several members
of the ABC superfamily and is therefore thought to be involved
in multidrug resistance, in resistant cell lines (4,31,33). When
the expression of MRP in BALL-1/VCR and BALL-1 cells
was compared, it was observed that MRP expression was
increased in resistant cells. Therefore, it is possible that MRP
overexpression is involved in the development of the multidrug
resistance phenotype in BALL-1/VCR cells.

Clinical studies have also reported that the overexpression
of MDR-1 and MRP may contribute to the development of
cross-resistance to multiple anticancer agents (3,33). Similarly,
the overexpression of MRP was observed in BALL-1/VCR cells
and blasts isolated from relapsed ALL samples, whereas the
overexpression of P-glycoprotein was not observed. Therefore,
the molecular mechanism underlying the drug-resistance of
relapsed ALL may attributed to the increased expression of
ABC transporters, including MDR-1 and MRP proteins.
However, ALL relapse not only depends on chemotherapy
resistance, but may also originate from either major or minor
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clones present at the time of diagnosis (34). Nevertheless,
the overexpression of MDR-1 and MRP may be involved in
leukemia relapse.

In conclusion, the current study produced a novel BALL-1
variant cell line that was specifically resistant to VCR. The
expression of components in the Wnt signaling pathway of
BALL-1/VCR cells and blasts isolated from relapsed ALL
samples suggested an important role of the Wnt signaling
pathway in ALL relapse. Selective suppression of the Wnt
signaling pathway using DKKI1 sensitized BALL-1/VCR
cells anticancer agents. In addition, the chemo-sensitivity to
prednisolone in blasts from relapsed ALL was restored by Wnt
inhibition. As the resistance in BALL-1/VCR cells is poten-
tially attributed to the overexpression of MRP, drug resistance
in relapsed ALL may be associated with the overexpression
of MRP1 and MDRI1/P-gp. Therefore, disruption of the Wnt
signaling pathway may have be of use for ALL treatment, while
targeting the Wnt signaling pathway with a more specific phar-
macologic antagonist, including antibodies and cytotoxins, is
an attractive therapeutic strategy for relapsed ALL.
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